Topological orders are exotic phases of matter existing in strongly correlated quantum systems, which are beyond the usual symmetry description and cannot be distinguished by local order parameters. Here we report an experimental quantum simulation of the Wen-plaquette spin model with different topological orders in a nuclear magnetic resonance system, and observe the adiabatic transition between two Z2 topological orders through a spin-polarized phase by measuring the nonlocal closed-string (Wilson loop) operator. Moreover, we also measure the entanglement properties of the topological orders. This work confirms the adiabatic method for preparing topologically ordered states and provides an experimental tool for further studies of complex quantum systems.
Rather than the toric-code model, the first spin-lattice model with topological orders, here we study an alternative exactly solvable spin-lattice model -the Wenplaquette model [1] . Two different Z 2 topological orders exist in this system; their stability depends on the sign of the coupling constants of the four-body interaction. Between these two phases, a new kind of phase transition occurs when the couplings vanish. So far, neither these topological orders nor this topological QPT have been observed experimentally. The two major challenges are (i) to engineer and to experimentally control complex quantum systems with four-body interactions and (ii) to detect efficiently the resulting topologically ordered phases. Along the lines suggested by Feynman [24] , complex quantum systems can be efficiently simulated on quantum simulators, i.e., programmable quantum systems whose dynamics can be efficiently controlled. Some earlier experiments have been studied, e.g., in condensedmatter physics [21, 22, 25] and quantum chemistry [26] (see the review on quantum simulation [27] and references therein). Quantum simulations thus offer the possibility to investigate strongly correlated systems exhibiting topological orders and other complex quantum systems that are challenging for simulations on classical computers.
In this Letter, we demonstrate an experimental quantum simulation of the Wen-plaquette model in a nuclear magnetic resonance (NMR) system and observe an adiabatic transition between two different topological orders that are separated by a spin-polarized state. To the best of our knowledge, this is the first experimental observation of such a system based on using the Wilson loop operator, which corresponds to a nonlocal order parameter of a topological QPT [4, 5] . Both topological orders are further confirmed to be highly entangled by quantum state tomography. The experimental adiabatic method paves the way towards constructing and initializing a topological quantum memory [28, 29] . We focus on the Wen-plaquette model [1] shown in Fig. 1(a) , an exactly solvable quantum spin model with Z 2 topological orders. It is described by the Hamiltonian
y i+êxσ x i+êx+êyσ y i+êy is the plaquette operator that acts on the four spins surrounding a plaquette. SinceF i 2 = 1, the eigenvalues ofF i are F i = ±1. We see that when J > 0 the ground state has all F i = 1 and when J < 0 the ground state has all F i = −1. According to the classification of the projective symmetry group [1] , they correspond to two types of topological orders: Z 2 A and Z 2 B order, respectively. It is obvious that both topological orders have the same global symmetry as that belongs to the Hamiltonian. So one cannot use the concept of "spontaneous symmetry breaking" and the local order parameters to distinguish them. In Z 2 A (Z 2 B) order, a "magnetic vortex" (or m-particle) is defined as F i = −1 (F i = 1) at an even sub-plaquette and an "electric charge" (or e-particle) is F i = −1 (F i = 1) at an odd sub-plaquette [30] . Due to the mutual semion statistics between e-and m-particles, their bound states obeys fermionic statistics [14, 30] . Physically, in Z 2 B topological order, a fermionic excitation (the bound state of e and m) sees a π-flux tube around each plaquette and acquires an Aharonov-Bohm phase e iπ when moving around a plaquette, while in Z 2 A topological order, the fermionic excitation feels no additional phase when moving around each plaquette. Thus the transition at J = 0 represents a new kind of phase transition that changes quantum orders but not symmetry [1, 30] .
However, it is difficult to directly observe the transition from Z 2 A to Z 2 B topological order in the experiment, because the energies of all quantum states are zero at the critical point. Instead, the Wen-plaquette model in a transverse fieldĤ is often studied [4, 5, 15] . Without loss of generality, we consider the case g > 0. Figure 2 shows its 2D phase diagram, which contains three regions in which the ground state is Z 2 B order when J −g, Z 2 A order when J g and a spin-polarized state without topological order when |J| g, respectively. From Fig. 2 , we can see that by changing J, the ground state of the system is driven from Z 2 A to Z 2 B topological order through the trivial spin-polarized state. The spin-polarized region from one topological order to the other one depends on the size of the transverse field strength g: the smaller g is, the narrower the region of spin-polarized state becomes. If g vanishes (or J is large enough), a QPT occurs between the two types of topological orders [1] . The above results are valid only for infinite systems. For finite systems, the situation is more complicated. For example, the topological degeneracies of the system depend on the type of the lattice (even-by-even, even-by-odd, odd-by-odd lattices). However, the properties of the topological orders persist in the Wen-plaquette model with finite-size lattices [1] .
The simplest finite system that exhibits topological orders consists of a 2 × 2 lattice with periodic boundary condition, as shown in Fig. 1(b) . The Hamiltonian can be described aŝ
The fourfold degeneracy of the ground states is a topological degeneracy and the two ground states for J < 0 and for J > 0 have different quantum orders [1] . Adding a transverse field, we obtain the transverse Wen-plaquette modelĤ tol in Eq. (7) for the finite system, where the degeneracy is partly lifted [15] . For the case g > 0, the non-degenerate ground state is: Here
The energy-level diagram and the ground state are given in Ref. [31] . Eq. (4) shows that both topological orders are symmetric and possess bipartite entanglement, while the spin-polarized state |ψ SP is a product state without entanglement.
The physical four-qubit system we used in the experiments consists of the nuclear spins in Iodotrifluroethylene (C 2 F 3 I) molecules with one 13 C and three 19 F nuclei. Figure 3 (a) and (b) show its molecular structure and relevant properties [31] . The natural Hamiltonian of this system in the doubly rotating frame iŝ
where ω i represents the chemical shift of spin i and J ij the coupling constant. The experiments were carried out on a Bruker AV-400 spectrometer (9.4T ) at room temperature T = 300 K. The temperature fluctuation was controlled to < 0.1 K, which results in a frequency stability within 1 Hz. Figure 3 (c) shows the quantum circuit for the experiment, which can be divided into three steps: (i) preparation of the initial ground state of the HamiltonianĤ tol [J(0)] for a given transverse field g, (ii) adiabatic simulation ofĤ tol [J(t)] by changing the control parameter J from J(0) to J(T ), and (iii) detection of the resulting state.
To prepare the system in the ground state, we used the technique of pseudo-pure states (PPS):ρ ψ = 1− 16 I + |ψ ψ|, with I representing the 16 × 16 identity operator and ≈ 10 −5 the polarization. Starting from the thermal state, we prepared the PPSρ 0000 by lineselective pulses [36] . The experimental fidelity ofρ 0000 defined by |T r(ρ thρexp )|/ T r(ρ 2 th )T r(ρ 2 exp ) was around 97.7%. Then we obtained the initial ground stateρ ψg of H tol [J(0)] by a unitary operator realized by a GRAPE pulse [13] with a duration of 6 ms.
To observe the ground-state transition, we implemented an adiabatic transfer fromĤ tol [J(0)] tô H tol [J(T )] [10] . The sweep control parameter J(t) was numerically optimized and implemented as a discretised scan with M steps :
where the duration of each step is τ = T /M . The adiabatic limit corresponds to T, M → ∞, τ → 0. Using M = 31, the optimized sweep reaches a theoretical fidelity > 99.5% of the final state with respect to the true ground state. For each step of the adiabatic passage, we designed the NMR pulse sequence to create an effective
In the experiment, we employed the Wilson loop [4, 5, 39] to detect the transition between two different topological orders. The effective theory of topological orders is a Z 2 gauge theory and the observables must be gauge invariant quantities. The Wilson loop operator is gauge invariant and can be as a nonlocal order parameter. It is defined asŴ (C) = Cσ αi i , where the product C is over all sites on the closed string C, α i = y if i is even and α i = x if i is odd [30] . For the 2 × 2 lattice system, this corresponds toŴ (C) =σ
y 2σ
x 3σ y 4 . The experimental results of Ŵ (C) can be obtained by recording the carbon spectra after a read-out pulse [ Figure 4 (a) shows the resulting data for three sets of experiments with g = 1, g = 5, g = 20 and J varying from −20 to 20. When |J/g| 1, Ŵ (C) is close to ±1, corresponding to Z 2 A/Z 2 B topological order. The results shown in figure 4(a) verify that the transition region becomes narrower and sharper as g decreases. In the absence of the transverse field, g → 0, the ground state makes a sudden transition at J = 0 from Z 2 B to Z 2 A topological order. This is a novel QPT between different topological orders [1] . These results also show that the Wilson loop is a useful nonlocal order parameter that characterises the different Z 2 topological orders very well.
To demonstrate more clearly that this topological QPT goes beyond Landau symmetry-breaking theory and cannot be described by local order parameters, we also measured the single-particle operator of the 13 C spin:
This was performed by measuring the magnitude of the 13 C NMR signal while decoupling 19 F. Hereρ f is the final state at the end of the adiabatic scan. Due to the symmetry of the Hamiltonian, the values of P are equal for all the four spins. Figure 4(b) shows the experimental results. They are symmetric with respect to J = 0, which means that the different Z 2 topological orders cannot be distinguished by the local order parameter.
By performing complete quantum state tomography [40] , we reconstructed the density matrices for Z 2 B order (J = −20), for the spin-polarized state (J = 0) and Z 2 A order (J = 20) for g = 1. The real parts of these density matrices are shown in Fig.4(c), (d) and (e). The experimental fidelities are 95.2%, 95.6% and 95.7%, respectively. From these reconstructed density matrices, we also calculated the entanglement: for both topological orders, C(ρ [41] . Therefore, the topological orders exhibit the same bipartite entanglement between qubits 1, 3 and 2, 4 in agreement with Eq. (4). These experimental results are in good agreement with theoretical expectations. The relatively minor deviations can be attributed mostly to the imperfections of the GRAPE pulses, the initial ground state preparation and the spectral integrals [31] .
Instead of studying naturally existing topological phases like those in quantum Hall systems, lattice-spin models can be designed to exhibit interesting topological phases. One example is the Wen-plaquette model, which includes many-body interactions. Such interactions have not been found in naturally occurring systems, but they can be generated as effective interactions in quantum simulators. Using an NMR quantum simulator, we provide a first proof-of-principle experiment that implements an adiabatic transition between two different Z 2 topological orders through a spin-polarized state in the transverse Wen-plaquette model. Such models are beyond Landau symmetry-breaking theory and cannot be described by local order parameters. Ref. [5] presented a numerical study of a QPT from a spin-polarized to a topologically ordered phase using a variety of previously proposed QPT detectors and demonstrated their feasibility. Furthermore, we also demonstrated in an experiment that the nonlocal Wilson loop operator can be a nontrivial detector of topological QPT between different topological orders. This phenomenon requires further investigation to be properly understood.
Although a 2 × 2 lattice is a very small finite-size system, topological orders exist in the Wen-plaquette model with periodic lattice of finite size [1] . The validity of the quantum simulation of the topological orders in such a small system also comes from the fairly short-range spinspin correlations. When |g/J| ≤ 1, all quasi-particles (the electric charges, magnetic vortices and fermions) perfectly localize that leads to zero spin-spin correlation length [6, 8] . Therefore the topological properties of the ground state persist in such a small system, including the topological degeneracy, the statistics of the quasiparticles and the non-zero Wilson loop [31] . The present method can in principle be expanded to larger systems with more spins, which allows one to explore more interesting physical phenomena, such as lattice-dependent topological degeneracy [1] , quasiparticle fractional statistics [7, 14] and the robustness of the ground state degeneracy against local perturbations [4] [5] [6] 8] . Quantum simulators using larger spin systems can be more powerful than classical computers and permit the research of topological orders and their physics beyond the capabilities of classical computers. Nevertheless, our present experimental results demonstrate the feasibility of small quantum simulators for strongly correlated quantum systems, and the usefulness of the adiabatic method for constructing and initializing a topological quantum memory.
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SUPPLEMENTARY MATERIALS THEORETICAL CALCULATIONS IN THE TRANSVERSE WEN-PLAQUETTE MODEL Energy levels and ground state
With periodic boundary condition, the total Hamiltonian of 2 by 2 lattices in the transverse Wen-Plaquette model iŝ
In the representation ofσ x basis, its ground state is
where A is the normalization constant and
The corresponding ground-state energy is Figure 5 shows its energy-level diagram and the probability amplitudes of the ground state |ψ g as a function of the four-body interaction strength J for a transverse field (here we take g = 1). The energy-level diagram is symmetry about J = 0 because of the symmetric transverse field. When |J/g| 1, the ground state is progressively four-fold degeneracy (the full four-fold degeneracy of ground state when g = 0 is partially lifted when g = 0, see the subplot of Fig. 5(a) ). Note that the ground-state energy seems to be smooth due to the scale-size effect and the transverse field. For the WenPlaquette model (i.e. g = 0), an actual level-crossing in the four-spin system creates a point of nonanalyticity of the ground state energy as a function of the control parameter J. As theoretically predicted by X. Wen [1] , a quantum phase transition (QPT) between two different topological orders (Z 2 A and Z 2 B orders) occurs at J = 0. However, the transition cannot be directly observed in experiment due to the level-crossing (the adiabatic passage will fail at the transition point). Therefore, we turn to the transverse Wen-Plaquette model (i.e., g = 0), where a second-order QPT between one topological order and spin-polarized state occurs at J/g = ±1 in the thermodynamic limit [2] [3] [4] [5] . Accordingly, these two topological orders (Z 2 A and Z 2 B orders) are connected by a spin-polarized state, as shown in Fig. 2 in the paper. The region of spin-polarized state will become narrow as |g/J| decreases. When g/J → 0, the region turns into a point, and the ground-state transition in the WenPlaquette model [1] can be asymptotically observed in the experiment. Therefore, as long as g is small enough, the main features of the ground state in Wen-plaquette model persists (except for the point of J = 0). As shown in Figure 5 
Spin-spin correlations
The validity of the quantum simulation of the topological orders in the Wen-plaquette model on 2-by-2 lattice comes from the fairly short range spin-spin correlations. For the Wen-plaquette model in the exactly solvable limit (g/J → 0) all quasi-particles (the electric charges, magnetic vortices and fermions) have flat bands. In other words, the quasi-particles cannot move at all. Such perfect localization of quasi-particles leads to no spin-spin correlations for two spins on different sites, σ ping along diagonal direction [6] [7] [8] . Therefore one may manipulate the dynamics of the quasi-particles by adding the external field and consequently control the spin-spin correlation length ξ. By using the exact diagonalization technique of the Wen-plaquette model on a 2-by-6 lattices with periodic boundary condition, we obtain the spin-spin correlations for two spins with different distances via the strength of the external field g. See the results in Fig. 6 . From this figure, one can see that in the region of g/J < 1, the spin-spin correlation length is always smaller than 2. As a result, for the Wen-plaquette model on 2-by-2 lattice, we can also get the topological properties including the topological degeneracy, the statistics of the quasiparticles and the non-zero Wilson loop. For example, the energy splitting of the degenerate ground states is estimated by ∆E ∼ e −L/ξ where L is size of the system [6] [7] [8] . In the limit of g/J → 0, due to perfect localization, ξ → 0, for the Wen-plaquette model on 2-by-2 lattice the energy splitting of the degenerate ground states disappears, ∆E ∼ e −L/ξ → 0 (L = 2). However, in the region of g/J > 1, the ground state is spin-polarized phase without topological order, of which the spin-spin correlation length is infinite. Due to its trivial properties, we can also simulate the system on a lattice of small size.
EXPERIMENTAL PROCEDURE Quantum simulator and characterization
We chose the 13 C, and three 19 F nuclear spins of iodotrifluoroethyene dissolved in d-chloroform as a fourqubit quantum simulator. The exact characterization of the quantum simulator is very important for precise quantum control in the experiments. The transverse relaxation times were measured by the CPMG pulse sequence. The absolute values of the J-coupling constants were obtained from the equilibrium spectrum. We determined their relative sign by creating observable three-
. This method requires a simpler pulse sequence and less experimental time than 2D NMR sequences like β-COSY [9] . Because we used an unlabeled sample, the molecules with a 13 C nucleus, which we used as the quantum register, were present at a concentration of about 1%. The 19 F spectra were dominated by signals from the three-spin molecules containing the 12 C isotope, while the signals from the quantum simulator with the 13 C nucleus appeared only as small (0.5%) satellites. The accurate 19 F chemical shifts are thus hidden in the very small signals, which are obtained by exact assignments to distinguish them from spurious molecules with a 13 C nucleus.
Adiabatic passage
We simulated the adiabatic transition from a topological ordered state to another one through a spin-polarized state, where the four-body interaction J was adiabatically driven as a control parameter. To ensure that the system always stays in the instantaneous ground state, the variation of the control parameter has to be sufficiently, i.e., the adiabatic condition [10] ψ g |ψ e ε e − ε g 1
is satisfied, where the index e represents the excited state. The condition can be rewritten as
∂J |ψ e (ε e − ε g ) 2 .
(10)
Equation (10) determines the optimal sweep of control parameter J(t), denoted by solid line in Fig. 7(a) . For the experimental implementation, we discretized the timedependent parameter J(t) into M segments during the total duration of the adiabatic passage T . The adiabatic condition is satisfied when both T, M → ∞ and the duration of each step τ → 0. To determine the optimal number M of steps in the adiabatic transfer, we used a numerical simulation of the minimum fidelity F min encountered during the scan as a function of the number of steps into which the evolution is divided (see Fig. 7(b) ), where we fixed the total evolution time T = 6.5684. The fidelity is calculated as the overlap of the state with the ground state at the relevant position. When M = 31, the minimal fidelity is 0.995, which fully indicates the state of the system is always close to its instantaneous ground state in the whole adiabatic passage. Figure 8 shows the pulse sequences for simulating the transverse Wen-plaquette model of Eq. (1). The simulation method is in principle efficient as long as the decoherence time is long enough. In order to overcome the accumulated pulse errors and the decoherence, we packed the adiabatic passage for each J(m) (m = 0, 1, 2, ..., M −1) into one shaped pulse calculated by the gradient ascent pulse engineering (GRAPE) method [13] , with the length of each pulse being 30 ms. All the pulses have theoretical delities over 0.995, and are designed to be robust against the inhomogeneity of radiofrequency pulses in the experiments. As an example, we show a GRAPE pulse in Fig. 9 .
EXPERIMENTAL RESULTS AND ANALYSIS
Experimental Spectra Figure 10 shows the experimental 13 C spectra for equilibrium state after a reading-out pulse [
13 C x (a), measuring the Wilson-loop operator Ŵ (C) (i.e., after the reading-out pulse [
x ) and the single-particle operator P (i.e., decoupling 19 F without a reading-out pulse) on the M = 31 instantaneous states during the adiabatic passage, respectively. The experimental values of P were directly extracted from the integration of the resonant peak of the 19 F-decoupled 13 C spectra, while the experimental values of Ŵ (C) determined by Ŵ (C) = P 1 − P 2 − P 3 − P 4 + P 5 + P 6 + P 7 − P 8 (11) where P i (i = 1, 2, · · · , 8) represents the integration of the i th resonant peak. 13 C spectra. To reconstruct the full density matrices of the four-qubit states, we performed the 44 independent experiments (see Fig. 11 ) to obtain the coefficients for all of the 256 operators which comprise a complete operator basis of the four-qubit system. In the experiment, this tomography involves 28 local operations and 3 SWAP gates. All of these operations were realized by GRAPE pulses with 400 µs for local operations, 9 ms for the SWAP gates between 13 C and F 1 , F 2 and 30 ms for the SWAP gate between 13 C and F 3 due to the relatively weak coupling between them. Figure 12 shows some experimental results for the ground states obtained during the adiabatic passage in the experiments.
Error Analysis
We calculated the standard deviations σ = M i=1 (x i exp − x i th ) 2 /M for the experimental measurements of the Wilson loop Ŵ (C) and the single-particle properties P . The results are listed in Table I . The standard deviations are small and mainly caused by the imperfection of the initial-ground-state preparation, the GRAPE pulses and the others which can be estimated by numerical simulations. Taking the case with g = 1 as an example, the simulated results are also shown in Table I . Sim1 represents a numerical simulation where we apply the theoretical GRAPE pulsesÛ th GRAP E for the adiabatic evolution on the idea initial stateρ . This values account for the errors contributed by the experimental imperfection of preparing initial ground state. The remaining errors can come from the imperfections of experimental quantum control, the static magnetic field and the spectral integrals and so on.
